Background: Refractory hypoglycemia in patients with metastatic insulinoma is an important cause of morbidity and mortality. Everolimus could be a new therapeutic option. Methods: Within the French Group, we conducted a retrospective, multicentric study of endocrine tumors to evaluate the time to the first recurrence of symptomatic hypoglycemia, after everolimus initiation, in patients with metastatic insulinoma and refractory hypoglycemia. Ongoing hyperglycemic medical options, tumor response, and safety information were recorded. Results: Twelve patients with metastatic insulinoma and refractory hypoglycemia who were treated with everolimus between May 2007 and June 2011 were reviewed. Everolimus (starting dose, 10 mg/day, except in one patient, 5 mg/day) was given after a median of four previous therapeutic lines. Medication aimed at normalizing blood glucose levels in 11 patients. After a median duration of 6.5 months (range 1-35C months), median time to the first recurrence of symptomatic hypoglycemia was 6.5 months (range 0 to 35C months). Three patients discontinued everolimus because of cardiac and/or pulmonary adverse events at 1, 1.5, and 7 months after initiation, which led to two deaths. Three patients discontinued everolimus because of tumor progression at 2, 3, and 10 months after initiation, without recurrence of hypoglycemia. Conclusion: Everolimus appears to be a new effective treatment for patients with metastatic insulinoma and refractory hypoglycemia. Tolerance should be carefully monitored.
Introduction
Insulinomas are neuroendocrine tumors (NET) located within the pancreas, characterized by the presence of clinical symptoms due to the excessive secretion of insulin. These tumors are rare, with an estimated incidence of 1-3 per million per year. Although !15% are metastatic (1, 2) , patients with malignant insulinomas display a poor prognosis, with an overall 5-year survival rate estimated between 16 and 55.6% (3, 4) . Indeed, refractory hypoglycemia remains an important cause of morbidity and mortality and contributes to the poor prognosis of these patients. Current therapeutic options to control hormone-related symptoms include frequent carbohydrate-enriched meals, diazoxide, somatostatin analogs, and, in some cases, continuous i.v. glucose infusion and/or nasogastric tube feeding (5) . Antitumor options are discussed on a case-by-case basis, with the goals of tumor control and complete remission of hormone-related symptoms (5) .
Mammalian target of rapamycin (mTOR) is a serine/threonine kinase that regulates cellular response to growth factor signaling and nutrients via the phosphatidylinositol 3-kinase (PI3K)/Akt pathway (6) . This pathway has been shown to play a significant prognostic role in pancreatic NET (pNET) (7) . In addition, the mTOR pathway plays a role in the control of glucose homeostasis (8) . Indeed, mTOR activates cellular processes by phosphorylating p70 S6 kinase 1 (S6K1). Both mTOR and S6K1 are activated by insulin and nutrients through the insulin receptor/insulin receptor substrate (IRS)/PI3K/Akt pathway, leading to: i) glucose transporter type 4 (GLUT4) translocation to the cell membrane, ii) increased peripheral glucose uptake, and iii) insulin secretion and insulin gene transcription. By contrast, chronic activation of the mTOR/S6K1 pathway increases IRS-1 serine phosphorylation, leading to a reduction in IRS-1 function and impaired activation of the PI3K/Akt pathway, thereby decreasing insulin action.
Everolimus, an oral mTOR inhibitor, has recently been shown to improve progression-free survival of patients with well-differentiated progressive metastatic pNET and has been approved as a new antitumor therapeutic option for this indication (8) . In phase 2 and 3 trials, hyperglycemia has been recognized as a frequent adverse event which affects around 13% of the patients (8, 9) . In a phase 1 dose-escalation trial, dose limitation due to hyperglycemia occurred at 10 mg/day (10) . Everolimusinduced hyperglycemic adverse effects seem to be a class effect of mTOR inhibitors. Indeed, Bourcier et al. (11) reported the successful control of refractory hypoglycemia due to malignant insulinoma with the use of sirolimus, and a hyperglycemic effect with temsirolimus has been reported in patients treated for pNET and kidney cancer (12, 13, 14) . To explain the occurrence of hyperglycemia in these patients, several hypotheses have been raised, including that a decrease in insulin production and release or an increase in peripheral insulin resistance may have been the cause (15, 16, 17, 18, 19) . Kulke et al. (20) first reported the symptomatic response of four patients treated with everolimus for uncontrolled hypoglycemia related to a metastatic insulinoma. All four patients exhibited normal glucose levels after everolimus treatment was begun and discontinued diazoxide and glucose infusion. In two of four patients, partial responses were observed at 16 and 29 months. Four other case reports mentioned successful efficacy of mTOR inhibitors in controlling hypoglycemia (11, 21, 22, 23) , although failure to control hypoglycemic symptoms was reported in one case (24) .
To better evaluate the benefit of this new therapy within a larger group of patients, we decided to retrospectively review the experience of the French Group of Endocrine Tumors in the use of everolimus for the treatment of refractory hypoglycemic symptoms related to metastatic insulinoma. The primary goal was to analyze symptom-free hypoglycemia survival (SFS) through clinical questioning. Secondary objectives were to evaluate objective tumor response (Response Evaluation Criteria In Solid Tumors (RECIST) 1.0) and the safety of everolimus treatment.
Materials and methods

Study population and data collection
All patients who were given the diagnosis of malignant insulinoma and treated with everolimus at one of the treatment centers of the French Group of Endocrine Tumors were eligible for the study. Patients analyzed in this study were treated in the setting of the RADIANT-3 trial, compassionate use, or in an off-label setting on the basis of recommendations made by multidisciplinary staff members of the French Group of Endocrine Tumors network.
Patients with continued metastatic disease and refractory hypoglycemia after they had received conventional treatment were included. Malignancy was defined as the presence of distant metastatic disease diagnosed by pathologic and imaging reports (magnetic resonance imaging, computed tomography (CT), somatostatin receptor scintigraphy). Hypoglycemia was defined as the presence of symptoms of hypoglycemia associated with low plasma glucose concentrations (%2.5 mmol/l) and inappropriately high serum insulin (R21 pmol/l) or C-peptide (R0.2 nmol/l) demonstrated at least once in the course of disease management. Refractory hypoglycemia was defined by hospitalization or a severe impact on the patient's quality of life such as extreme limitation on daily living activities, including self-care. Patients for whom everolimus was prescribed for antitumor purposes only were excluded, as were patients for whom everolimus was initiated along with other antitumor or antisecretory therapeutic modalities.
All files were reviewed on-site by a single investigator (V B). Data collected at baseline included time since diagnosis of malignant insulinoma, as well as patient age, gender, and inherited status, World Health Organization (WHO) 2010 classification (25) , International Union Against Cancer (UICC) pathologic tumor, node, metastasis (pTNM) classification (26) , and metastatic locations, previous therapies, and starting dose of everolimus.
Everolimus treatment and patient monitoring
All patients were started on everolimus at 10 mg/day, except one patient who received everolimus at 5 mg/day as a result of a decision by a local physician. In some of these patients, the dosage of everolimus was decreased later at the discretion of the local physician to 5 mg/day or 5 mg every other day to alleviate side effects. Patients were followed on-site, and the following parameters were recorded: frequency of daily symptomatic hypoglycemia as reported by the patient, the family, or another reliable person who answered questions in a real-time manner; RECIST evaluation (27) performed at least every 3-6 months; and safety assessed according to the National Cancer Institute Common Terminology Criteria for Adverse Events (NCI CTCAE) v4 (28) .
According to the NCI CTCAE v4, grade 1 refers to asymptomatic or mild symptoms, and no intervention is indicated. Grade 2 refers to moderate or minimal local symptoms, and noninvasive intervention is needed. Grade 3 refers to severe, nonlife-threatening symptoms, for which hospitalization may be indicated and daily living activities, including self-care, are extremely limited. Grade 4 refers to a life-threatening situation for which urgent intervention is required. Grade 5 signifies that death is associated with the adverse event.
Primary objective
The primary objective of this retrospective study was SFS, as defined by the time from everolimus initiation to the first recurrence of symptomatic hypoglycemia after everolimus initiation. Control of symptomatic hypoglycemia was classified as complete or not. Complete hypoglycemia was defined by the disappearance of all symptoms previously related to a typical hypoglycemic event. A final follow-up for all patients was provided on December 31, 2011.
Results
Patients and treatments before initiation of everolimus
From May 2007 through June 2011, 17 files were reviewed at seven centers. Five patients were excluded because everolimus was prescribed only for tumor control purposes in asymptomatic patients at the time of everolimus initiation. Therefore, 12 patients with metastatic insulinoma and refractory hypoglycemia who were treated with everolimus were considered eligible for this study. Patient characteristics are given in Table 1 . Seven women and five men, with a median age of 65 years (range 39-78 years) and with sporadic tumors, were enrolled. UICC pTNM classification was stage IV in all patients, including one patient with unresectable distant lymphatic node metastases. All patients except one had liver metastases, three patients bone metastases, and one patient lung metastases. Somatostatin receptor scintigraphy was positive in nine, negative in one, and not available in two of the 12 patients.
Everolimus treatment and outcome
At the start of everolimus treatment, the median number of previous lines of treatment to control hypoglycemiarelated symptoms and/or tumor growth was 5 (range [4] [5] [6] [7] [8] . Four patients were on the fourth line of treatment, three on the fifth line, four on the sixth line, and one on the eighth line. Previous options included diazoxide in 11 patients, surgery for liver metastases in seven, liver transarterial chemoembolization in seven, cytotoxic chemotherapy in seven, octreotide in six, corticosteroid therapy in four, continuous or nocturnal glucose infusion in three, interferon in two, and sunitinib in one. At the time of everolimus initiation, concomitant hyperglycemia medications were maintained in 11 patients, including diazoxide in nine patients, octreotide in three, continuous or nocturnal glucose infusion in three, and corticosteroid in two.
Patient outcome after everolimus initiation is detailed in Table 2 . The median follow-up time from the start of everolimus treatment to the time of the last follow-up was 6.5 months (range 1-35C). The median SFS was 6.5 months (range 0-35C). Disappearance of hypoglycemic symptoms was observed in 11 patients and resulted in the discontinuation of at least one concomitant hyperglycemic agent, including glucose perfusion, in six of the ten patients receiving such therapies within 15 days (Table 2 ). Responses were observed immediately after everolimus initiation in these 11 responders. One patient did not experience a clinical response despite maintenance of everolimus for 2 months (patient 1). Comparisons of SFS under everolimus therapy with SFS under previous medical options are provided in Fig. 1 . Everolimus was the most prolonged therapy in seven of the 12 patients. The median SFS of everolimus was 6.5 months (range 0-35 months) vs !1 month for the medical option that preceded everolimus therapy (range 0-21 months). During the follow-up, the treatment dose was reduced in four of the 11 responders to 5 mg/day (patients 2, 3, 7, and 11) without recurrence of hypoglycemia after a median follow-up of 4 months (range 3-9 months). It is interesting to note that one patient who received everolimus at 5 mg/day experienced the same quality of clinical response as was reported by ten others whose starting dose was 10 mg/day.
Ten patients underwent at least one radiographic evaluation every 3 months (range 2-6 months) for the evaluation of tumor response to everolimus according to the RECIST criteria. At the time of imaging at the last follow-up, conducted after a median of 7 months (range 2-32 months), seven patients experienced stable disease (70%) and three (30%) progressive disease.
Of the 11 patients who benefited from everolimus therapy, three (patients 4, 8, and 9) discontinued treatment because of pulmonary adverse events at 1, 1.5, and 7 months after initiation. At that time, RECIST evaluation had not been performed, except in patient 8, who had stable disease and experienced recurrence of hypoglycemia and progression of disease after everolimus withdrawal. One patient (patient 6) was censored after 3 months of everolimus treatment because he had to start depot octreotide to control a pulmonary embolism that was thought to be hyperglucagonemia related but was finally diagnosed as congestive cardiac failure. Two patients (patients 3 and 7) discontinued treatment with everolimus because of disease progression at 3 and 10 months after initiation and died as a result of tumor progression without recurrence of hypoglycemia within 1 month and at 2 months after everolimus withdrawal Well differentiated but Ki67O30%.
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www.eje-online.org respectively. Finally, at the last follow-up, five patients (patients 2, 5, 10, 11, and 12) continued to show complete hypoglycemic response and were still receiving everolimus treatment at 6, 10, 10, 13, and 35 months respectively after everolimus initiation. These last five patients had stable disease at the last RECIST evaluation, which was performed after a median follow-up of 9 months (range 5-32).
Safety
Adverse events of treatment are reported in Table 2 .
Pulmonary and cardiac toxicity Six patients (patients 1, 4, 6, 8, 9, and 11) experienced pulmonary and/or cardiac adverse effects during everolimus treatment, including three who discontinued everolimus for safety reasons, which was recommended by local investigators. Two patients (patients 4 and 9) discontinued everolimus because of grade 4 pulmonary toxicity, but deaths occurred despite drug withdrawal. One of these two patients has been described recently in the RADIANT-3 publication (8). † Patient 4 was a 54-year-old male with an insulinoma and liver metastases who was treated with everolimus as the sixth line of treatment within the setting of the RADIANT-3 trial. He had severe hypoglycemia, requiring nocturnal glucose infusion, diazoxide, and corticosteroid therapy. Glucose nocturnal infusion was stopped within 2 weeks after the start of everolimus treatment. Corticosteroid therapy was maintained. After 1 month of treatment, the patient experienced an acute respiratory distress syndrome, requiring reanimation. He died 1 day after the start of hospitalization. The diagnosis of Pneumocystis pneumonia was confirmed by the PCR after lung fibroscopy. This infection was attributed to severe lymphopenia induced by corticosteroid and everolimus. † Patient 9 was a 71-year-old male with a previous medical history of hypertension who was treated with everolimus for liver and bone metastatic insulinoma. Previous options for controlling hypoglycemia included transarterial liver chemoembolization, corticosteroid therapy, diazoxide, and continuous glucose infusion. This patient was able to stop receiving glucose infusion within a few days after the start of the treatment with everolimus, and diazoxide was maintained. After 1.5 months of treatment, the patient experienced respiratory distress, mixed cardiac failure, and noninfectious pneumonitis, leading to death. Cardiac failure was attributed to everolimus because left ventricular ejection fraction was determined to be normal (FEVG 70%) when measured before the treatment but had decreased to 40% after the treatment for 1.5 months. † Patient 1 was a 42-year-old female who discontinued everolimus after 2 months of treatment because of a lack of clinical response coupled with pulmonary toxicity. After 2 months of treatment, this patient developed an ectopic Cushing's syndrome and dyspnea, requiring supplemental oxygen. At that time, and despite the Cushing's syndrome, she still had hypoglycemia, which required glucose infusion. Disease progression was noted at subsequent morphologic evaluations, along with a typical feature of noninfectious pneumonitis, which disappeared after drug withdrawal. † Patient 11 was a 72-year-old female with a previous history of hypertension who had experienced a grade 3 mixed, noninfectious pneumonitis and cardiac failure, which induced a temporary interruption of the drug; after regression of the toxicity, everolimus was restarted at a reduced dose (5 mg/day), which was well tolerated after a follow-up of 4 months. Cardiac failure was attributed to everolimus because left ventricular function measured before the treatment was normal (FEVG 60%) but had decreased to 45% after 4 months of treatment. † Patient 8 was a 61-year-old male who had discontinued everolimus because of an asymptomatic noninfectious grade 1 pneumonitis. Pneumonitis regressed after everolimus withdrawal, but hypoglycemia recurred within a few days. In addition, the disease was noted to have progressed at morphologic evaluation after discontinuation of everolimus. † Patient 6 was a 73-year-old male who was censored as previously mentioned after 3 months of everolimus treatment because he had started depot octreotide to control a pulmonary embolism thought to be hyperglucagonemia related, but congestive cardiac failure was later diagnosed. Cardiac failure was attributed to everolimus.
Other toxicities All the 12 patients experienced adverse events. The most common adverse events included the following: five patients reported asthenia (two grade 1 and three grade 2), three anorexia and/or weight loss (grade 2), five stomatitis (grade 2), two peripheral edema (one grade 1 and one grade 2), two diarrhea (one grade 1 and one grade 2), three neutropenia (two grade 1 and one grade 2), one hypertriglyceridemia (grade 2), three hepatic cytolysis (two grade 2 and one grade 3), one skin rash (grade 1), and one palmar-plantar erythrodysesthesia (grade 1). One patient experienced a biliary cyst rupture, requiring reanimation a few days after everolimus initiation, but it was not attributed to the treatment, which was continued at a reduced dose after hospitalization.
Discussion
Control of hormone-related symptoms of NET is one of the critical goals in the therapeutic management of patients with NET. Indisputable progress has been made in this field as a result of the introduction of proton pump inhibitors in patients with gastrinoma, as well as somatostatin analog therapy in patients with the carcinoid syndrome (5). However, significant proportions of deaths are still due to hormone-related symptoms in patients with NET, as reported in malignant pheochromocytoma, in gastroenteropancreatic NET with heart carcinoid syndromes, and in malignant insulinoma (5, 29, 30) . Our study, which analyzed the experience of a national network over a 4-year period, is the largest to date in patients with malignant insulinoma and clearly suggests that everolimus should be considered a new medical option for these patients. Medical therapy for insulinoma is considered only in inoperable patients or in patients with unresectable malignant insulinoma, as reported in our series (5) . Recent recommendations suggest the use of everolimus as an alternative to chemotherapy as the first line of antitumor systemic therapy in the case of progressive malignant insulinomas (31) . Diazoxide therapy is the oldest antisecretory medical option that is still largely prescribed, even if data are lacking regarding the duration of its benefit and tolerance in the long run in malignant insulinoma (32, 33) . Somatostatin analog efficacy in the control of hypoglycemic symptoms has also been reported in malignant insulinoma, mainly in case reports. However, worsening of hypoglycemic symptoms has been reported in benign or malignant insulinomas treated with somatostatin analog, suggesting that this option could be introduced first with a short-acting drug (34, 35, 36) . Other antitumor options, mainly transarterial liver chemoembolization, are frequently used with the expectation of combining antitumor and antisecretory early responses (5) . Finally, beneficial effects with peptide receptor radionuclide therapy have been demonstrated in some patients with malignant insulinomas (37) as well as surgery including liver transplantation in anecdotal cases (5, 31, 37, 38) . Although sunitinib has recently been approved in progressive advanced pNET, the decline in blood glucose reported with this agent makes its use in malignant insulinoma questionable (37, 39) .
Data on everolimus in the control of hypoglycemic symptoms have been recently published (20, 21, 22, 23) . Our study confirms these data, with the largest number of patients ever reported in the literature and a significant duration of follow-up. Indeed 11 of the 12 (91%) patients experienced a complete clinical response after everolimus initiation despite a median failure of four previous lines. In none of these patients was the combination of everolimus with another drug found to be superior to everolimus alone. This symptomatic effect was observed in the absence of significant morphologic response, suggesting that a reduction in tumor mass was not the leading cause of improvement. Two hypotheses can be raised to explain our results: first, chronic mTOR inhibition may affect insulin secretion by the tumor and the number of insulin receptors present on b-pancreatic cells, which can lead to a decrease in insulin production and release (15, 16) ; and, second, impaired Akt activation affects insulin sensitivity. Thus, long-term administration of everolimus may alter insulin secretion, as well as insulin-mediated peripheral glucose utilization and insulin-mediated suppression of hepatic glucose production (40) , leading to hyperglycemia. In addition, insulin resistance may be worsened by ectopic triglyceride deposition (18) .
Adverse events were similar to those described in previous reports, apart from the three heart failure reports. Pulmonary adverse events were found to be prevalent. Indeed, two deaths occurred at 1 and 1.5 months of treatment: one case of Pneumocystis pneumonia and one case of mixed cardiac failure associated with noninfectious pneumonitis. In both cases, pulmonary adverse effects were considered by local investigators to be related to everolimus. Indeed, the immunosuppressive properties of everolimus are well known and serve as the rationale for its use in renal and cardiac transplantation (41) . Moreover, noninfectious pneumonitis is a class effect of rapamycin analogs such as everolimus and temsirolimus (13, 42) . It should be noted that two patients received corticosteroid therapy and one systemic chemotherapy before or concomitant with everolimus, and this may have increased their risk for infection or cardiac dysfunction. Finally, three cases of cardiac insufficiency were reported, in which patients had chronic and treated arterial hypertension. Cardiac dysfunction could be considered everolimus related because cardiac function measured before the treatment was normal in two patients. To the best of our knowledge, this study is the first to report such adverse effects, and the mechanism that causes them needs to be further explored. In two of these three cases, cardiac function recovered after dose adjustment to 5 mg/day or everolimus withdrawal and diuretic treatment. However, we do not think that these major drawbacks should discourage clinicians from using everolimus in these patients. Indeed, the two fatal cases were among the first patients treated with everolimus in 2007, and at that time, pulmonary toxicity was still poorly anticipated. From that date forward, guidelines for close lung surveillance have been published (43) . Baseline pretreatment chest X-ray and CT scan are recommended. During the course of mTOR inhibitor treatment, patients should inform the clinician of any new symptoms such as cough, dyspnea, and fever. Prompt clinical examination and imaging are needed to make the diagnosis if symptoms should occur. A decrease in the dose of drug is recommended in cases of asymptomatic significant radiologic alterations, or withdrawal in cases of clinical alteration. In addition, the poor prognosis of metastatic insulinoma suggests that hormone-related symptoms still play a major role in the mortality of these patients, and this justifies the potential adverse events of medical intervention. However, one question that remains is whether one should consider patients with metastatic insulinoma at increased risk for severe adverse events when treated with everolimus. The combined use of corticosteroid therapy or systemic chemotherapy in these patients may increase the risk for secondary opportunistic infectious disease and/or cardiac dysfunction. We recommend that heart function should be cautiously analyzed when combined or sequential lines of treatment targeting heart function are given.
In conclusion, everolimus appears as a new major effective treatment modality for patients with metastatic insulinoma and refractory hypoglycemia. Cardiac and pulmonary tolerance should be carefully monitored in these patients.
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